Summary
The NRAS oncoprotein is highly mutated in melanoma. However, to date, no comprehensive proteomic study has been reported for NRAS. Here, we utilized the endogenous epitope tagging (EET) approach for the identification of novel NRAS binding partners. Using EET, an epitope tag is added to the endogenously expressed protein, via modification of its genomic coding sequence. Existing EET systems are not robust, suffer from high background, and are labor-intensive. To this end, we present a polyadenylation signal-trap construct for N'-tagging that generates a polycistronic mRNA with the gene of interest. This system requires the integration of the tagging cassette in frame with the target gene to be expressed. Using this design, we demonstrate, for the first time, endogenous tagging of NRAS in melanoma cells allowing the identification of the E3 ubiquitin ligase c-CBL as a novel NRAS binding partner. Thus, our developed EET technology allows the characterization of new RAS effectors, which could be beneficial for the design of future drugs that inhibit constitutive signaling of RAS oncogenic mutants.
K E Y W O R D S
endogenous epitope tagging, melanoma, NRAS protein-protein interactions discovered using other methodologies, or when specific antibodies are not available. In EET, the translational start or stop codon is replaced with a tagging epitope (e.g., Flag, HA, and c-myc) and a selection marker cassette, at the genomic level in a homologous recombination (HR)-mediated pathway. This substitution is directed by ~1 Kbs of homologous sequences flanking the ATG or the stop codon of the gene of interest on both sides. As HR is considered a rare event, only one of the alleles can be tagged.
Using commercial antibodies, the tagged protein and the associated binding partners can be immunoprecipitated and subjected to proteomics analysis and characterization (Kim, Bonifant, Bunz, Lane, & Waldman, 2008) . The constructs used for this application bear a recombinant adeno-associated virus (rAAV) backbone. rAAV vectors have been demonstrated to be efficient for gene targeting for the low integration into the genome and the induction of HR upon increasing the virus particles in the cells (Porteus, Cathomen, Weitzman, & Baltimore, 2003; Schnepp, Jensen, Chen, Johnson, & Clark, 2005) .
Following the cloning of the homology arms, the construct is encapsulated, and the cells are infected with the virus particles ( Figure S1 ).
To apply EET on low infectable melanoma cells, we modified the plasmid previously published by Zhang et al., (Zhang et al., 2008) , schematically described in Figure 1a . We constructed a polyadenylation signal-trap construct for N-terminus tagging (pT2A-Puro r -User-N').
This construct generates a polycistronic mRNA of the tagged gene of interest and a selectable marker, separated by a self-cleaving 2A peptide that replaces the thymidine kinase promoter (pTK), which will be Significance Revealing RAS interacting proteins presents a promising strategy for drug design against defective RAS signaling in cancer in general and against oncogenic NRAS in melanoma in particular. This study demonstrates a new endogenous epitope tagging (EET) approach to tag the N' terminus of NRAS in melanoma cells without harming the functionality of the protein. This allowed the identification of a NRAS novel binding partner-c-CBL, which is an E3 ubiquitin-protein ligase that plays a role in melanoma cell proliferation, migration, and invasion. These findings suggest that implementation of the EET approach could allow us to unveil RAS effectors, as well as effectors of other driver genes in melanoma and other malignancies.
F I G U R E 1 Development of efficient constructs for N-terminus endogenous epitope tagging (EET). (a) Schematic description of the developed EET construct. The construct was originated from the rAAV-pTK-USER (Schnepp et al., 2005) . The rAAV-pTK-USER is suitable for C-terminus tagging following Cre-recombinase exclusion of selection marker. The developed construct does not have intrinsic promoter activity. The N-terminus plasmid is a polyadenylation signal-trap construct, which integrates the tagging cassette instead of the ATG of the gene of interest. This construct generates a polycistronic mRNA with the tagged allele, which is expressed without the need for Crerecombinase exclusion of the selection marker. In the N-terminus tagging, the tag will contain only the last proline of the T2A peptide. Sequence from EGFP is cloned downstream to the selection marker and is recognized by a shRNA to selectively modulate the expression of the tagged allele. fused to the C-terminus of the selection marker. This design gives rise to a single reading frame, which requires the integration of the tagging cassette in frame with the target gene ( Figure 1a ). Furthermore, downstream to the selection marker we added a sequence that is recognized by sheGFP ( Figure 1b ,c), to enable us to specifically downregulate the expression of the tagged allele. To facilitates the cloning of the homologous arms into the EET constructs, we used the rapid onestep USER cloning technique for multiple fragments, as previously described (Bitinaite et al., 2007) . In this construct design, the expression of the tagged allele does not necessitate exclusion of the selection marker cassette via Cre-recombinase, which would reduce the time required to obtain tag-containing cells. This design should also reduce the background of false-positive cells caused by the constitutively expressed selection markers.
Using the N-terminus tagging construct, we Flag-tagged the NRAS gene in different melanoma cells, which are either wt for NRAS or harbor the recurrent Q61R/K mutation. The cell genotypes, infection conditions, and the results of the tagging efficiency are summarized in Table S1 . As described in Table S1 , in most cases, multiple colonies were obtained in each well of 96-well plates and were screened as pools, using a forward primer located upstream to the LHA and a reverse primer located within the PAC gene of the tagging cassette ( Figure 2a ). A representative description of the genomic screen and validation at the mRNA are described in (Figure 2a ,b).
According to the results, the tagging efficiency was around 20%, even for polyploid cells like 12T (single clones) and for low-infected cells as 17T and 110T (~1% infection efficiency). We obtained following a screen of only one of 10 plates, 13 and 17 positive pools for 17T and 110T, respectively. Moreover, in the case of 12T cells (~15% infection efficiency), we obtained 10 positive single clones of 44 (22%). The highest tagging efficiency of ~40% was obtained from the highly infectable A375 cells (Table S1 ). Although we tagged cells that harbor the Q61 mutation, we obtained solely colonies that were tagged in their wt allele. Nevertheless, an extensive structural comparison of wt and Q61 mutants of different RAS isoforms showed they are essentially identical in structure ( Figure S2 ). In particular, the region adjacent to the Q61 residue was similar in all of these structures, regardless of whether the position was a glutamine or a mutation to another residue, suggesting they bind partners similarly.
Indeed, previous studies compared the binding affinity of wt versus mutant RAS to its various effectors and reached similar conclusions.
Hunter et al. (2015) showed that wt and K-Ras-Q61 had similar affinities for Raf. Chuang et al. (1994) measured similar affinities between wt and H RAS-Q61 mutants for c-Raf-1. In addition, Burd et al. (2014) observed similar interactions of wt and NRAS-Q61 mutants for RAF and PI3K. Therefore, all these previous studies showed that wt and Q61 RAS mutants bind effectors with similar affinity.
As the Flag-tag adds approximately 5 kDa to the size of the wt NRAS protein (Figure 2c ), this enabled us to further validate the protein expression of the tagged allele by Western blot and immunoprecipitation in single clones of tagged A375 cells (Figure 2d, e ).
In addition, we demonstrated an efficient knockdown of the tagged allele at the protein level using sheGFP (Figure 2f ).
An unexpected obstacle in the N-terminus tagging was a significant reduction in Flag-NRAS expression, compared to the wt allele ( Figure 2d ). We assumed that the sequence of the puromycin resistance gene (PAC), which is a foreign sequence rich in CpGs, may have induced silencing of the promoter of the tagged allele via methylation (Chevalier-Mariette et al., 2003; Mutskov & Felsenfeld, 2004) .
To test our assumption, we treated tagged and parental A375 cells with the general DNA methyltransferase inhibitor 5-azacitidine (5aza). We found that the expression of the tagged allele significantly increased upon the addition of different concentrations of 5-aza, while the expression of the wt allele was hardly affected ( Figure   S3 ). Therefore, we consider replacing the PAC in future studies with a low-CpG PAC sequence or with a selective marker with less CpG in its sequence, such as a neomycin resistance gene.
Prior to performing functional studies on the endogenously tagged NRAS, we confirmed that the tagged NRAS is farnesylated and therefore active. RAS proteins undergo a lipid post-translational modification called farnesylation (Kho et al., 2004) , which anchors NRAS to the membrane and is essential for its proper signaling activity (Nussinov, Tsai, Chakrabarti, & Jang, 2016) . To this end, we examined the effect of adding the farnesyl transferase inhibitor lonafarnib to the two Flag-tagged NRAS clones A4 and F12 that were derived from the A375 melanoma cell line. We tested the mobility shifts of the Flag-NRAS in the presence of increasing concentrations of lonafarnib. Unprocessed (un-farnesylated) NRAS is known to migrate slower in SDS/PAGE than its farnesylated isoforms. The mobility-shift assay consisted of immunoprecipitation of the protein lysates with Flag beads, followed by SDS/PAGE and Western blotting, to determine whether the inhibition of farnesyl transferase changed the migration rate of the Flag-NRAS. After the addition of lonafarnib, only the slow un-farnesylated form of NRAS was detected, compared to the control where only the farnesylated, faster migrating band was detected (Figure 3a) . These results indicate that the tagging of the NRAS protein did not affect its activity.
We, therefore, next immunoprecipitated Flag-NRAS extracted from A375 single clones A4 using Flag beads with or without EGF activation followed by mass spectrometry (MS) analysis. One of the interactors that were identified by the MS analysis to significantly bind NRAS was c-CBL. Indeed, three CBL peptides were identified by MS analysis, both with and without EGF activation. The percentage of the protein sequence covered by identified peptides was 5.45%. The average area of the three unique peptides with the largest peak of the Flag-NRAS immunoprecipitated samples was 4.2e06 without EGF activation and 3.3e06 after EGF activation. These peptides were not identified in the isotype control. c-CBL an E3 ubiquitinprotein ligase, is responsible for the intracellular transport and degradation of a large number of tyrosine kinases; it is also known to function as a negative regulator of many signaling pathways that are triggered by activation of cell surface receptors (Schmidt & Dikic, 2005) . Furthermore, STRING analysis showed a reported interaction between NRAS and CBL ( Figure S4 ). Indeed, immunoprecipitation of Flag-NRAS from the A375 single clones A4 and F12 before and after EGF activation validated the interaction between NRAS and c-CBL.
The immunoblots in Figure 3b show endogenous c-CBL after the pull down of the Flag-NRAS in both single clones, and the intensity of Figure S5 show detection of the endogenous c-CBL after the pull down of the Flag-NRAS following overexpression of both wt NRAS and mutant NRAS. Therefore, the wt and the Q61R mutant Ras show similar binding to c-CBL.
CBL, which is highly expressed in human melanoma cells at the mRNA and protein levels, plays a role in melanoma cell proliferation, migration, and invasion. Knocking down of c-CBL by siRNA was followed by decreased proliferation, colony formation, migration, and invasion of melanoma cells (Nihal & Wood, 2016) . Furthermore, the mass spectrometry data presented here reveal additional novel NRAS binding partners, the significance of which is currently being investigated.
Mutations in CBL and
In summary, our successful application of our novel design of the EET methodology allowed us to identify a novel interactor of one of the most important oncogenes in melanoma, NRAS (Network, 2015) .
Indeed, the constructs described here make EET a more efficient strategy, feasible even for cells with low infectability without harming the functionality of the tagged protein. In addition, the integration of an EGFP sequence targeted by a commercial shRNA enables us to modulate the expression of the tagged allele, thus expanding the repertoire of functional assays that can be performed without being restricted to antibody-related approaches such as IP, ChIPseq, and immunohistochemistry. Thus, allowing us to better decipher the role of mutations in driver genes in different malignancies.
| MATERIAL AND ME THODS

| Construction of pT2A-Puro r -User-C'
The template for the preparation of the C-terminus tagging construct was rAAV-pTK-USER (5). The first step was cloning of the Table S2 ).
| Construction of pT2A-Puro r -User-N'
The N-terminus tagging construct was prepared by a modulation of pT2A-Puro r -User-C'. As a first step, a single nucleotide substitution was introduced in the LHA cloning site to eliminate an ATG codon, to interrupt the translation of the PAC. The construct was digested with AgeI and SpeI; the oligos AgeI_LHA cloning cassette_ FW and SpeI_LHA cloning cassette_Rev were annealed and cloned.
The PAC+sheGFP PCR product was amplified using the primers SpeI_PAC_FW and EcoRI_PAC+sheGFP_Rev and cloned via SpeI and EcoRI. The 3xFlag-tag was cloned via BglII and EcoRV following the annealing and extension of the oligos BglII_3xFlag_FW and
EcoRV_3xFlag__Rev (Table S2 ).
| Cloning of the HAs into the tagging constructs
The constructs were digested with XbaI and Nt.BbvCI to obtain two fragments, large and small. The amplification of the HAs was performed using the KAPA HiFi HotStart Uracil ReadyMix Table S2 ).
| Virus preparation
7 × 10 6 low passage AAV-293 cells were seeded into six T175 flasks.
24 hr later, cells at 60%-70% confluency were transfected with EET construct 5 μg, pAAV-RC 5 μg, p-Helper 5 μg, TurboFect 30 μl, and OptiMEM up to 2 ml (For each T175 flask). Following 48 to 72 hr, the cells were harvested to obtained pellets then resuspended in 10 ml lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.5, 2 mM MgCl 2 ).
Then the cell suspension was subjected to four rounds of freeze/ thaw by alternating the tubes between the dry ice-ethanol bath and the 37°C water bath, vortexing briefly after each thaw. The lysates were cleared by centrifugation at 10,000x g for 10 min and treated with 8 μl of benzonase nuclease (Sigma-Aldrich). The virus was concentrated and purified using AAV Purification ViraKit TM , according to the manufacturer instructions (http://www.virapur.com/files/ AAV_3Pack_3061,_3063_1j_LR.pdf). 16 μl of the concentrated virus was spared for titer quantification. They were treated with RQ1 DNase (Promega), and then half the amount was heated at 95°C
for 10 min to denature the capsids and release the ssDNA of the virus. Then the titer of the virus was determined by qRT-PCR using Fast SYBR ready mix (ABI) with the following primers: qRT-PCR_ Puro_FW ACAGATGGAAGGCCTCCTG and qRT-PCR_Puro_Rev CAGACCCTTGCCCTGGTG. Standard curve was prepared using the EET construct. The PCR conditions were as follows: Holding Stage 95°C for 3 min; Cycling stage 95°C for 3 s then 60°C for 30 s (40 cycles).
| Generation of EET clones
A total of 100,000 cells of interest were seeded into six-well plates.
24 hr later, the cells were infected with 100,000 MOI of the relevant virus, diluted in 0.6 ml optimum. After 6 hr, fresh media were added for additional 72 hr. The cells were harvested and seeded in 96-well plates at a density of 500 cells/well. 24 hr later, puromycin was added. Fresh media were added to the cells including puromycin at least once a week (according to the proliferation rate of the cells).
During this period, single colonies were monitored and consolidated into one 96-well plates. In case, pools were grown (usually in all wells of the plates); one plate was randomly chosen for genomic screen using DirectPCR reagent (Viagen) according to the manufacturer instructions. In case of single clones screen, the control primer and a primer located outside the HAs were used. In pool screen, a primer located within the tagging cassette was used instead of the control primer. Potential colonies were further validated at the mRNA levels following expansion and RNA extraction using RNeasy Mini Kit (Qiagen). cDNA was prepared using iScript™ Reverse Transcription Supermix (Bio-Rad). PCR was performed using primers from the tagging cassette and primers located in exons not included in the HAs. Further validation was made by sequencing the PCR product.
Following validation in case of pools, subcloning was performed by diluting the cells in 20% FBS to 1 cell/well in 96-well plate to obtain single clones. Once small clones are obtained fresh media with puromycin was added. Then the single clones were consolidated and screened using the control primers. Positive clones were expanded for validation of protein expression.
| Western blot and immunoprecipitation assays
Cells were gently washed in PBS and then lysed using lysis buffer (1% NP-40, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, complete protease inhibitor tablet, EDTA-free (Roche), 1 μM sodium orthovanadate, 1 mM sodium fluoride, and 0.1% β-mercaptoethanol). Lysed cells were scraped and transferred into a 1.5-ml microcentrifuge tube. Samples were incubated at 4°C for 20 min and then centrifuged for 15 min at 17,000x g at 4°C. Proteins (50 μg) were resolved on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad). Alternatively, the cleared cell lysates were incubated with anti-Flag M2 affinity agarose beads (Sigma-Aldrich), overnight at 4°C. Then the beads were washed three times with the lysis buffer then resuspended with sample buffer and then resolved on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad). Western blots were probed with the following antibodies: anti-Flag (M2) (Sigma-Aldrich), anti-c-NRAS (F155-277, Millipore), anti-NRAS (sc-519, Santa Cruz), anti-c-CBL (2747, Cell signaling), and antiαtubulin (Millipore).
| Estimating the copy number of the NRAS alleles
The copy number was determined by qRT-PCR using Fast SYBR ready mix (ABI). For the reaction mix, 3 ng of genomic DNA was used, 1 μl of 10 μM stock solution of each primer, 5 μl of the master mix, and the reaction was adjusted to 10 μl. The PCR conditions were as follows: 95°C 5 min, (95°C 15 s, 58°C 30 s, and 70°C 30 s) × 40
cycles. LINE1 was used as an endogenous control using the follow- primer that was embedded to the forward primer.
| 5-aza Treatment and it effect on the expression of the NRAS wt and tagged alleles
A total of 100,000 cells/well of parental and tagged A375 cells were seeded in six-well plate; 24 hr later, the cells were treated with 0.5, 1, 2, and 5 mM 5-Aza-2′-deoxycytidine (Sigma-Aldrich) diluted in 1:1 (Acetic Acid:DDW). 5-Aza was added fresh every 24 hr (stock solution of 20 mM was kept in the −80°C). RNA was extracted after 48 hr of treatment. The change in the expression was estimated by semiquantitative PCR of NRAS and PAC in the wt and tagged cells, respectively. Actin was used to normalize the intensity of the bands (the sequence of the primers is described in Table S2 ).
| Proteomic analysis of tagged NRAS binding partners
A375 single clone of tagged NRAS named A4 was starved for 16 hr and then activated with EGF (100 ng/ml, Sigma-Aldrich) that was added to the media for 15 min then the cells were lysed as described above. Three milligrams of the proteins lysates were taken for immunoprecipitation with anti-Flag M2 affinity agarose beads as described above and then stained on SDS-PAGE with Imperial blue reagent (Thermo Scientific). The proteins in the gel were reduced with 3 mM DTT (60°C for 30 min), modified with 10 mM iodoacetamide in 100 mM ammonium bicarbonate (in the dark, room temperature for 30 min), and digested in 10% acetonitrile and 10 mM ammonium bicarbonate with either modified trypsin or chymotrypsin (Promega) at a 1:10 enzyme-to-substrate ratio, overnight at 37°C. The resulted peptides were desalted using C18 tips (Homemade stage tips) dried and resuspended in 0.1% formic acid.
The peptides were resolved by reverse-phase chromatography on 0.075 × 180-mm fused silica capillaries (J&W) packed with Reprosil reversed phase material (Dr Maisch GmbH, Germany). The peptides were eluted with linear 60 min gradient of 5 to 28% 15 min gradient of 28% to 95% and 15 min at 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.15 μl/min. Mass spectrometry was performed by Q Exactive plus mass spectrometer (Thermo) in a positive mode using repetitively full MS scan followed by collision induces dissociation (HCD) of the 10 most dominant ions selected from the first MS scan.
The mass spectrometry data were analyzed using Proteome Discoverer 1.4 software with Sequest (Thermo) and Mascot (Matrix Science) algorithms against human UniProt database with mass tolerance of 10 ppm for the precursor masses and 0.05 amu for the fragment ions. Oxidation on Met was accepted as variable modifications, and carbamidomethyl on Cys was accepted as static modifications. Minimal peptide length was set to six amino acids, and a maximum of two miscleavages was allowed. Peptide-and proteinlevel false discovery rates (FDRs) were filtered to 1% using the target-decoy strategy. Protein table was filtered to eliminate the identifications from the reverse database and from common contaminants. Semiquantitation was performed by calculating the peak area of each peptide based its extracted ion currents (XICs), and the area of the protein is the average of the three most intense peptides from each protein.
| Inhibition of farnesyltransferase in NRAS tagged melanoma cells
The farnesyl transferase inhibitor lonafarnib (Sigma-Aldrich) was used. The inhibitor was dissolved in DMSO and was added directly to the culture medium of melanoma cells at different concentrations for 24 hr. Melanoma cells were incubated with culture medium or culture medium with DMSO as controls. Cells were lysed as described above, and 3 mg were immunoprecipitaed with anti-Flag M2 affinity agarose beads followed by Western blot with anti-NRAS antibody (sc-519, Santa Cruz).
| Construction of expression vectors for wt and mutant NRAS
Human NRAS cDNA (NM_002524) was cloned from HEK293T cDNA using PfuUltra II HotStart PCR Master Mix (Agilent Technologies) according to the manufacturer's instructions and the forward and reverse primers listed in Table S2 . A sequence encoding a Flag tag at the N' terminus of NRAS was introduced during the cloning procedure. PCR products were cloned into the pCDF1-MCS2-EF1-Puro vector (Systems Biosciences) via the XbaI and NotI restriction sites. The mutation encoding Q61R was introduced using fusion PCR site-directed mutagenesis. The NRAS constructs were transiently transfected into A375 melanoma cells using Lipofectamine 2000 (Life Technologies) as described by the manufacturer. Cells were incubated for 48 hr after transfection before protein extraction and immunoprecipitation with Flag beads as described above.
